A detailed temperature and pressure investigation on BiGdO 3 is carried out by means of dielectric constant, piezoelectric current, polarization-electric field loop, Raman scattering and x-ray diffraction measurements. Temperature dependent dielectric constant and dielectric loss show two anomalies at about 290 K (T r ) and 720 K (T C ). The later anomaly is most likely due to antiferroelectric to paraelectric transition as hinted by piezoelectric current and polarization-electric field loop measurements at room temperature, while the former anomaly suggests reorientation of polarization. Cubic to orthorhombic structural transition is observed at about 10 GPa in high pressure x-ray diffraction studies accompanied by anisotropic lattice parameter changes. An expansion about 30 % along a-axis and 15 % contraction along b-axis during the structural transition result in 9.5 % expansion in unit cell volume. This structural transition is corroborated by anomalous softening and large increase in full width half maximum (FWHM) of 640 cm −1 Raman mode above 10 GPa. Enhancement of large structural distortion and significant volume expansion during the structural transition indicate towards an antiferroelectric to ferroelectric transition in the system.
I. INTRODUCTION
Ferroelectricity is the property of a certain class of materials which exhibit reversible spontaneous polarization in the presence of an electric field. Since its discovery ferroelectric (FE) materials have been extensively studied for their novel properties viz. spontaneous polarization, piezoelectricity, pyroelectricity, coupling with magnetic order (multiferroic), etc. On the other hand, antiferroelectric materials are less studied compared to FE materials.
Using a phenomenological approach, C. Kittel proposed antiferroelectric (AFE) behaviour in 1951 1 . An AFE state can be defined as the lines of ions in which two neighbouring lines are oppositely polarized. Therefore, there will be no net polarization even with the application of the electric field and they will not be piezoelectric in contrast to the ferroelectric materials.
However, a certain high electric field (E F ) will force the antiparallel dipoles to reorient in parallel fashion and an electric field induced AFE to FE transition can be achieved since both the FE and AFE phases have similar free energy. Shirane Piezoelectric current and polarization-electric field loop measurements at room temperature indicate antiferroelectric behaviour in BG below 720 K. High pressure x-ray diffraction (XRD) and Raman studies show cubic to orthorhombic structural transition at 10 GPa accompanied by a large volume expansion. We speculate that pressure induced large increase in structural distortion and significant volume expansion may lead to AFE to FE transition.
II. EXPERIMENT
Polycrystalline BG sample is synthesized using conventional solid-state reaction method. mm thickness after polishing both the faces of the pellets with 0.25 µm silver paste. It is first washed with acetone to clean its surfaces and then dried at 120 0 for 20 min to remove moisture. A N4L PSM 1735 impedance analyzer is used to explore temperature dependence dielectric constant in the frequency range 100 Hz to 1 MHz. Temperature is calibrated using a K type thermocouple and a digital voltmeter. Piezoelectric current measurements are carried out using toroid anvil cell and 300 ton hydraulic press. Detailed experimental procedure for this measurement can be found elsewhere 28, 29 . Room temperature polarization-electric 
III. RESULTS AND DISCUSSIONS
Temperature dependence of dielectric constant and dielectric loss of BG in the range 77 K to 755 K at a few selected frequencies are shown in Fig. 1 . Dielectric constant and dielectric loss show two anomalies in their temperature profiles. On increasing temperature from 77 K, dielectric constant slowly increases and exhibit a broad peak around 290 K (T r ) for all frequencies in the range 10 KHz to 1 MHz. At this temperature a peak in the dielectric loss has also been observed at all frequencies except for 1 MHZ frequency. Upon further increasing temperature, dielectric constant start to increase rapidly above 550 K with a clear peak at about 720 K (T C ). A strong frequency dispersion in the dielectric constant is observed. The absence of peak position dependence on frequency indicates non-relaxor type behaviour which is in contrast to the previous literature report describing BG as a relaxor type ferroelectric 27 . Temperature dependent dielectric loss also increases sharply around T C . Above anomalous behavior in dielectric constant and dielectric loss around T C are the signatures of ferro/antiferroelectric to paraelectric phase transition while the anomaly around T r could be due to reorientation of polarization. However, x-ray diffraction analysis establish that BG crystallizes in Fm-3m centrosymmetric cubic structure. The structural symmetry does not allow it to be a conventional ferroelectric material. In order to check further about the presence of ferroelectric order we have carried out piezoelectric current measurements at room temperature (298 K) using TA apparatus 28, 29 . The obtained data are plotted in Fig. 2(a [35] [36] [37] . Therefore , one can speculate that BG may be antiferroelectric below 720 K. Electric field (E) dependent polarization (P) measurement is the best experimental way to confirm ferro/antiferroelectric behaviour in a material. We have carried out room temperature polarization-electric field loop measurements and the corresponding data are shown in Fig. 2(b) . A ferroelectric material should exhibit saturation in polarization at high electric field. However, in our study we have observed unsaturated elliptical loop with very small area up to the highest applied field of 50 KV/cm which exhibits lossy capacitor behaviour 38 . We could not apply higher field above 50 KV/cm due to dielectric breakdown.
The lossy dielectric response can be explained by considering the phase difference between polarization and applied electric field. For an ideal linear capacitor, polarization and electric field are in phase and one would get a linear behaviour in polarization-electric field loop.
On the other hand an ideal resistor produces circular polarization-electric field loop as current and voltage are in phase. Therefore, when linear capacitor and ideal resistor are connected in parallel combination, it gives lossy dielectric behaviour with elliptical loop.
In several materials antiferroelectric behaviour is confirmed by the field induced double hysteresis loop under high electric field. However, in our study, we do not observe this type of behaviour. Probably the critical value for electric field (E C ) to induce AFE to FE transition is greater than the breakdown fields at room temperature. Therefore, our experimental observations, such as, peak in the temperature dependent dielectric constant, non-appearance of piezoelectricity and absence of hysteresis nature in polarization-electric field loop suggest that the sample is most likely antiferroelectric below 720 K.
In order to investigate structural behavior of this sample at high pressures, we have conducted anle dispersive x-ray diffraction measurements under pressure. Ambient and a few selected XRD patterns with increasing pressure up to 22.5 GPa are shown in Fig. 3 .
Ambient XRD analysis of BiGdO 3 shows a cubic Fm-3m phase having lattice parameters of 5.47551(4)Å. We have not observed any remarkable changes in the diffraction patterns except peak broadening up to 6.4 GPa. As the pressure increases Bragg peaks shift to higher 2θ values due to lattice contraction. At about 7.2 GPa onset of a new Bragg peak around 2θ = 10 in between first two reflection lines is observed and it becomes prominent at about 10 GPa as shown by the vertical arrows in Fig. 3 . On further increase of pressure the intensity of the new peak gradually increases while the intensity of its two neighbouring lines decreases rapidly and these three peaks finally merge at about 18 GPa. We do not observe any further change other than broadening of all the peaks up to 22.5 GPa. The XRD pattern above 9 GPa could not be fitted with ambient Fm-3m cubic structure. Therefore, the appearance of the new reflection line at 10 GPa definitely indicate towards a structural transition in the sample. On indexing, the high pressure phase is found to be orthorhombic with Pbca symmetry having lattice parameters a = 6.87935(2)Å, b = 5.30753(4)Åand c= 4.48219(3)Å. We have carried out full structural refinement using Rietveld refinement process taking starting atomic coordinates from similar structure material 39 . Rietveld refined XRD pattern of BG with Pbca structure at 12.1 GPa and 16.5 GPa are shown in Fig. 4 (b) and (c). The obtained structural parameters for 12.1 GPa XRD data are presented in Table I . Fig. 5 shows the pressure evolution of unit cell lattice parameters for both cubic and orthorhombic structures. In the Fig. 5(a) one can see that structural transition is accompanied by large expansion (about 30 %) along a-axis, 15 % contraction along c-axis, while no significant change is observed along b-axis. As a result of this, unit cell volume is expanded by about 9.5 % ( Fig. 5(b) ). In the inset of 
Where, B 0 and V 0 are the bulk modulus and volume at ambient pressure respectively. B ′ 6 is the first order pressure derivative of bulk modulus. For the first region up-to 9 GPa our best fit gives V 0 = 164.29(2)Å 3 , B 0 = 67.42(3) GPa, and B ′ = 4.99 (6) . In high pressure region these values become V 0 = 184.61(7)Å 3 , B 0 = 66.14(5) GPa, and B ′ = 4.69 (6) .
From the calculated bulk modulus it is established that despite large volume expansion the compressibility of the sample remains almost same after cubic to orthorhombic transition.
As a complementary study, we have carried out high pressure Raman studies on BG to probe structural behavior more deeply. Factor group analysis for BiGdO 3 with Fm-3m structure predicts five (A 1g + E g + 3T 2g ) Raman active modes associated with oxygen vibration 27, 42 . High pressure Raman spectra at selective pressure values are shown in Fig.   6 . At ambient pressure we have observed six Raman modes at 104, 140, 241, 368, 586
and 640 cm −1 . The observed Raman modes are found to be at higher values than the previously reported values 27 . One reason could be that high quality sample is used in the present study, whereas a trace of secondary phase was present in the earlier study 27 . On increasing pressure two prominent Raman modes 104 cm −1 (M 1 ) and 640 cm −1 (M 2 ) harden up to 10 GPa. Then the high frequency M 2 mode starts softening above 10 GPa where the systems transform to orthorhombic structure as observed in high pressure x-ray diffraction studies. Upon further increase in pressure the intensity of M 1 mode rapidly decreases and broadening in the M 2 mode significantly increases. In Fig. 7(a) , we have shown high pressure behavior of M 2 Raman mode. Upon increasing pressure it linearly increases with a slope of 3.58(0.06) cm −1 /GPa up to 10 GPa followed by a drastic fall which is corroborated by the sudden volume expansion while system transform to orthorhombic phase around this pressure. Above 15 GPa this mode frequency again increases linearly up to 18.3 GPa with a slope 2.94(0.18) cm −1 /GPa. At higher pressures error in mode fitting parameters increases drastically due to peak broadening. Emergence of large octahedral distortion is also reflected with rapid increase in the full width at half-maximum (FWHM) of the M 2 mode above 10 GPa ( Fig. 7(b) ). At about 25 GPa M 1 mode is found to have disappeared completely. in polarization and unit cell volume 9, 14, 43, 53 . In our study 9.5 % volume expansion might be related to antiferroelectric to ferroelectric transition due to pressure induced large structural distortion.
IV. CONCLUSION
We have synthesized and studied detailed structural and electronic behaviour of 
